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Abstract: Flexible surface acoustic wave (SAW) sensors in the frequency range of 162~325 MHz 
were developed based on single crystalline LiNbO3 thin film with dual resonance modes, namely the 
Rayleigh mode and thickness shear mode (TSM). This SAW sensor could handle a wide strain range 
up to ±3500 µε owing to its excellent flexibility, which is nearly six times the detecting range of bulk 
piezoelectric substrate based SAW strain sensors. The sensor exhibited a high sensitivity of 193 Hz/µε 
with a maximum hysteresis less than 1.5%, much better than those commercially available metallic 
strai gauges. The temperature coefficients of frequency, for Rayleigh and TSM modes, were -85 and 
-59 ppm/℃, respectively. No visible deterioration was observed after cyclic bending for hundreds of 
times, showing its desirable stability and reliability. By utilizing the dual modes, the strain sensor with 
a self-temperature calibrated capability can be achieved. The results demonstrate that the sensor is an 
excellent candidate for strain sensing. 
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Real-time strain monitoring has a broad range of applications in industrial manufacture, 
civil infrastructure, aerospace and motor industry for structural health monitoring and failure 
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prevention,1,2 and thus has received extensive attention. This great demand inspires growing 
research enthusiasm for the development of robust, high sensitivity, and wide range strain 
sensor technology in scientific circles and industry. Metallic strain gauges have been the 
leading components of commercial strain sensing technology, with the first successful 
developed by Ruge in 1938.3 By using distinctive designs and grating wires of metal 
materials as well as carrier foil, these strain gauges can satisfy various application scenarios,4 
such as high magnetic field, liquid phase and high (up to 950 ℃) or ultra-low (~269 ℃) 
temperature environment. Commercial strain gauges are well-known for broad strain sensing 
range (up to 50000 µε),5 small size, low limit of detection (less than 1 µε), long fatigue life 
(above 107 times) etc., but they suffer from xxx transverse sensitivity, adhesive-induced 
hysteresis, considerable thermal and electrical noise,6 particularly the lack of wireless passive 
sensing capability, which is vital for strain measurements in remote area or harsh 
environments (e.g. high-temperature, non-invasive and battery less), typically for the 
applications in combustion engine, aerospace turbine, etc. Thus, search for a new strain 
sensing scheme is necessary to offer excellent performance and remove the drawbacks of 
traditional strain gauges. 
Surface acoustic wave (SAW) sensor is one of the excellent candidates for sensing, 
attributed to its advantages such as robustness, compact size, low cost and wireless passive 
sensing.7,8 Various SAW sensors with tailored designs have been utilized to measure physical 
quantities. Under external stresses, the substrate material and interdigital transducers (IDTs) pitch 
may be elongated or shortened, causes the shift of resonant frequency. This has been utilized to 
develop the SAW based strain sensor. Many researchers have addressed significant investigation 
on SAW strain sensors, these strain based sensors can also detect force,9 pressure,10,11 etc. To 
name a few, Stoney et al reported a passive wireless strain sensor on AT-X quartz with a 
single port SAW resonator;12 Konno et al developed an oscillator-based strain sensor using a 
SAW resonator on lithium niobate (LiNbO3);13 Hempel et al presented a SAW strain sensor 
with high precision on Alpha-quartz;14 and Li et al provided a SAW RFID for temperature 
and strain sensing on LiNbO3.15 Although these work provided important insight into the 
SAW-based strain sensors, due to the rigid nature of bulk substrates, the maximal detectable 
strain ranges of these sensors were limited to roughly 650 µε, two orders of magnitude lower 
than that of commercial metallic strain gauges. To expand the strain sensing range, we have 
developed flexible SAW strain sensors using ZnO thin films on flexible glass or polyethylene 
terephthalate (PET) substrates.16,17 They have broad strain sensing ranges and good 
sensitivity, but have inherited shortages of difficulty in controlling device properties and long 
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term stability because of the difficulty in obtaining the exactly same material properties, 
thickness and defects density of polycrystalline ZnO films. 
With the development of thin film transferring techniques such as crystal ion slicing18 and 
grinding,19 fabrication of single crystalline films with micro/nanometer thickness is now 
feasible. Single crystalline films have excellently stable material properties, good uniformity 
and low defects density,20 as thus these films based sensors tend to be much stabler and 
insensitive to ageing and micro cracking, making them much more reliable. Whereas single 
crystal thin films can offer remarkable flexibility that no bulk materials could. However, no 
attempt has been made to investigate single crystalline film-based strain sensors yet so far. 
Here, we report a flexible single crystalline LiNbO3 thin film based SAW strain sensor with 
excellent stability. The sensor has a broad strain sensing range up to ±3500 µε , 
approximately six times that of similar sensors made on bulk piezoelectric substrates. 
Moreover, the strain sensor has a self-temperature calibration capability. This work aims at 
an initial exploration for the physics and basic sensing performance (e.g. strain sensitivity and 
hysteresis) of single crystalline LiNbO3 thin film based SAW strain sensor. 
 The SAW strain sensors were fabricated on 128°Y-cut LiNbO3 films with the thickness 
of about 58 µm (measured by a profilometer). The LiNbO3 film was obtained by grinding a 
500 µm  LiNbO3 wafer to the thickness required and transferred to a polyethylene 
terephthalate (PET) film for fabrication to prevent wafer from breaking. A set of two 
interdigital transducers (IDTs) were patterned on a LiNbO3 film by photolithography and 
lift-off process. Aluminum (Al, ~160 nm) was used as the IDT metal which was deposited by 
direct current (DC) magnetron sputtering. The sputtering conditions for the pressure, power 
and flow rate of Ar were 0.5 Pa, 200 W, 100 sccm, respectively. Fig. 1(a) shows a 
photograph of the fabricated SAW device (9 mm × 6 mm) on a PET film, showing excellent 
flexibility. Fig. 1(b) shows the layout of a SAW device all with 100 IDT finger pairs. A set of 
SAW sensors with different pitches (=1/2 wavelength) of 6, 8, 10 and 12 µm, respectively, 
were fabricated. The acoustic aperture was set to be 2 mm, and reflecting gratings with 10 
fingers were set for the reflectors.  
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FIG. 1. A photograph of the SAW device on a PET substrate (a); illustration of the layout of the SAW 
device (b); reflection and transmission spectra of the SAW sensor (λ= 12 µm) (c); measured and 
theoretical resonant frequencies of mode I and II as a function of wavelength (d). 
 
Prior to strain sensing assessment, S-parameters of the devices were characterized using 
network analyzer (Agilent, E5071C). Fig. 1(c) shows the reflection (S11) and transmission 
(S21) spectra of a typical SAW strain sensor with a wavelength, λ, of 12 µm. Three resonant 
peaks, termed as mode I, II and III, were observed from S21 at approximately 35, 102 and 325 
MHz, respectively. Due to the plate structure, a variety of wave modes may be excited in 
SAW devices, hence it is necessary to clarify the three modes in the devices observed. The 
excited wave modes highly depend on layer structure and the value of ℎ/𝜆, where ℎ is the 
thickness of piezoelectric layer. Approximately, when ℎ
𝜆
＞3, Rayleigh wave is excited, while 
at ℎ
𝜆
＜1, Lamb wave or shear-horizontal wave can propagate in elastic medium. For the 
present device with λ=12 µm, its h/λ is about 4.83, the mode Ⅲ is therefore the Rayleigh 
wave. The resonant frequency, 𝑓𝑅, is defined as 
𝑓𝑅 = 𝑣𝑅/𝜆 .          (1) 
where 𝑣𝑅  is the Rayleigh wave velocity (about 3992 m/s for 128°Y-cut LiNbO3), and it is 
332 MHz, consistent with the measured result. The little deviation (2%) is due to the mass 
loading effect of metallized surface (IDTs). 
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To clarify mode Ⅰ and Ⅱ, SAW devices with a wavelength of 12, 16, 20 and 24 µm 
were characterized with the resonant frequency shown in Fig. 1(d). It can be seen that the 
resonant frequency for mode Ⅰ and Ⅱ is not correlated to wavelength, thus, mode Ⅰ and 
mode Ⅱ are believed to be the thickness shear mode (TSM). For acoustic devices with IDTs 
on one side of piezoelectric substrate, lateral field excitation (LFE) may occur, and a 
thickness mode of particle vibration can be interpreted as standing wave, propagating in the 
direction perpendicular to the surface plane of substrate,21 The resonant frequency, 𝑓𝑟𝑒𝑠, of 
the TSM wave can be described by 
𝑓𝑟𝑒𝑠 = 𝑁 ∙ 𝑣𝛼2ℎ    (𝑛 = 1,3,5 … ) ,       (2) 
where 𝑣𝛼 is the velocity of thickness shear wave. For the case n=1, 3, 5…, the thickness 
shear mode is termed as TSM0, TSM1, TSM2 …, respectively. The velocity of particle 
vibration is given as22 
𝑘2Γ𝑖𝑗𝑣𝑗 = 𝜌𝑤2𝑣𝑖  ,         (3) 
where 𝑖, 𝑗=1,2,3, 𝑘 is wave number, ρ is density, 𝑤 is frequency, both 𝑣𝑖 and 𝑣𝑗  denote 
particle velocity and direction (i.e. two shear directions and one longitudinal direction), and 
Γ𝑖𝑗 represents the piezoelectrically stiffened fourth order Christoffel matrix. Γ𝑖𝑗 is defined 
as23 
Γ𝑖𝑗 = ℓ𝑖𝐾 �𝐶𝐾𝐿𝐸 + �𝑒𝐾𝑗𝑙𝑗�[𝑙𝑖𝑒𝑖𝐿]𝑙𝑖𝜀𝑖𝑗𝑆 𝑙𝑗 � ℓ𝐿𝑗 ,      (4) 
where ℓ  is associated with the acoustic propagation, 𝐶𝐸  is the fourth order stiffness 
constant, 𝑙 is the electric field direction vector and 𝑒 is piezoelectric coupling coefficient. 
For SAW devices on 128°Y-cut LiNbO3, the LFE causes particle displacement in-line with 
the electric field, hence a thickness shear wave is generated. Given the material property of 
LiNbO3,24 by solving the Christoffel equation, the velocity of thickness shear wave is 
described by21 
𝑣𝛼 = �𝑐66𝜌  .          (5) 
For 128°Y-cut LiNbO3, 𝑐66 is roughly 0.7805×1011 N∙ m−2, 𝜌 is 4700 kg∙ m−3, therefore 
𝑣𝛼 is calculated to be 4075 m/s. By substituting 𝑣𝛼 into eq. (2), 𝑓𝑟𝑒𝑠 of the TSM0  and 
TSM1  are 35.12 and 105.38 MHz, respectively, in agreement well with the measured 
frequencies, along with small deviation of less than 3%, resulting from the mass loading 
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effect of metallized surface, therefore mode Ⅰ and Ⅱ are indeed the TSM0 and TSM1 waves, 
respectively.  
Some details of the measurement setup for strain sensing can be found in our previous 
work.16 Herein a network analyzer was utilized as the reader unit for validation of wireless 
passive strain measurement,25,26 in conjunction with a LabVIEW based program. A wireless 
sensing distance (about 1 meter) along with a sampling rate (about 0.8 Hz/s) were obtained 
experimentally. The sensing distance, 𝑑, is determined by the Friis transmission equation27  
𝑑 = 𝜆
4𝜋
�
𝑃𝑇
𝑃𝑅
 .         (6) 
where λ is the wavelength, 𝑃𝑇  and 𝑃𝑅 are the transmitted power and received power., 
respectively. A SAW strain sensor (λ=12 µm) was used to assess the performance with all 
test items repeated at least for three times. The frequency shift for the Rayleigh (𝑓𝑅) and 
thickness shear (𝑓𝑇) modes as a function of strain is shown in Fig. 2(a). The strain sensor 
performs well over a wide strain range up to ±3500 µε. While this value is still lower than 
that of traditional metallic strain gauges, it is about six times of the maximal operational 
strain ranges of those based on rigid crystalline substrates, and comparable to that of ZnO 
thin film SAW strain sensors, demonstrating the excellent flexibility of the sensor. A good 
linearity over the whole strain range is exhibited, with the linear regression coefficients of 
0.9989 and 0.9994 for the Rayleigh and TSM modes, respectively. The sensitivities (defined 
as 𝑆𝑠𝑒𝑛 = ∆𝑓/∆𝑠) were calculated to be 193 Hz/µε and 28 Hz/µε, for the Rayleigh and TSM 
modes, respectively.  
For the Rayleigh mode, the resonant frequency shift is caused by two effects, namely the 
variations of acoustic velocity and the elongation of film and electrode pitch. Since the 
velocity variations are negligibly small,28 the resonant frequency shift of the Rayleigh mode 
is mainly attributed to the elongation of substrate and electrode pitch. Although LiNbO3 
substrate may also deform longitudinally, i.e. the thickness of LiNbO3 film changes under 
stress which results in low sensitivity of TSM,29 it is considerably small, and has been 
ignored in this work.  
For SAW strain sensors, elastic hysteresis is an important factor, which is not only 
dependent on the elastic medium (e.g. LiNbO3), but also dependent on the adhesive treatment. 
In this work, a dedicated strain gauge adhesive was used for bonding the sensor to steel plate 
firmly. The resonant frequency response to applied strain from zero to 3500 µε  and 
backward is shown in Fig. 2(b). The maximum hysteresis is less than 1.5%, much stabler than 
most of the reported values. It is believed that the hysteresis performance can be further 
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improved by carefully controlling the thickness, smoothness and baking time of the adhesive, 
which is under investigation.  
 
FIG. 2. Frequency shift as a function of strain for the Rayleigh and thickness shear modes (a); 
resonant frequency response to applied strain from zero to 3500 µε in both loading and unloading 
conditions (b). 
 
 Fatigue behavior of the strain sensors has also been investigated with the results shown 
in Fig. 3. Strain was varied from zero to 3500 µε repeatedly for hundreds of times in a 
duration about one hour. The strain sensor exhibits excellent stability, and the sensitivity was 
found to be stable with no visible deterioration, much better that of the ZnO thin film SAW 
strain sensors,30 showing the excellent stability and favorable fatigue properties owing to the 
property of single crystalline substrate. 
 
FIG. 3. Resonant frequency shift under cyclic strain variation from zero to 3500 µε over a duration of 
about one hour (b). 
 
Many ambient quantities may induce response of the strain sensor, with the temperature 
the main concern. In terms of commercial strain gauges, to minimize the temperature effect, a 
series of self-compensated strain gauges have been developed by selecting or adjusting the 
thermal expansion coefficients of the specific materials. Quartz-based SAW sensors with zero 
temperature coefficient of frequency are typical representative.31 However, these require 
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special process, materials or device structures, limiting their manufacturability and increasing 
the cost and reducing their performance. In this work, by utilizing multiple resonance modes, 
we are able to develop a self-temperature calibrated strain sensor. The temperature coefficient 
of frequency (TCF) is used to characterize the temperature stability, which is defined as  
𝑇𝐶𝐹 =  1
𝑓0
∙
∆𝑓
∆𝑇
 ,         (7) 
where 𝑓0 is the center frequency of the strain sensor, ∆𝑓 and ∆𝑇 the change of resonant 
frequency and temperature, respectively. Fig. 4 shows the resonant frequency shift for 
Rayleigh and TSM modes as a function of temperature. Excellent linearity for the two modes 
is achieved in the range from 30 to 90 ℃ for different strain biases. From the results,  
distinctive temperature coefficients of frequency can be obtained for both the modes, which 
are calculated to be -85 and -59 ppm/℃, respectively. These values of TCFs, in good 
consistence with the reported ones, are mostly inherited from the property of LiNbO3.32   
 
FIG. 4. The resonant frequency shift for Rayleigh mode (a) and thickness shear mode (b) as a function 
of temperature from 30 to 90 ℃ under different applied strain bias. 
 
If we define the strain sensitivities of the Rayleigh and TSM modes as 𝛼1 and 𝛼2, and 
the temperature sensitivities, ∆𝑓/∆𝑇, as 𝛽1 and 𝛽1, respectively, then the total frequency 
shift for the Rayleigh and TSM modes are expressed as follow, 
�
∆𝑓𝑅 = 𝛼1𝜀 + 𝛽1𝑇
∆𝑓𝑇 = 𝛼2𝜀 + 𝛽2𝑇  ,         (8) 
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where 𝜀 is applied strain, 𝑇 is temperature, ∆𝑓𝑅 and ∆𝑓𝑇 are the frequency shift from 
nominal value of the Rayleigh and TSM modes, respectively. Then, we obtain  
�
𝜀 = (𝛽2∆𝑓𝑅 − 𝛽1∆𝑓𝑇)/(𝛽2𝛼1 − 𝛽1𝛼2)
𝑇 = (𝛼2∆𝑓𝑅 − 𝛼1∆𝑓𝑇)/(𝛽1𝛼2 − 𝛽2𝛼1)  ,     (9) 
thus strain as well as temperature can be measured simultaneously, i.e. strain value measured 
with calibrated temperatures. Although the above calculated values of TCFs are higher than 
the thermal expansion coefficient (10~20 ppm/℃) of traditional strain gauges which may 
cause erroneous strain fluctuations if no any treatment is given, with the proposed 
self-temperature calibrated method, it is feasible to overcome this problem. It is also worth to 
note that self-temperature cancellation can be realized when the TCFs of the dual modes are 
controlled the same, which is under investigation. Wireless passive SAW devices are 
particularly useful for harsh environmental measurements. As an initial study on LiNbO3 thin 
film SAW strain sensor, aluminum was used as IDT electrode metal for easy development 
which has low melting temperature. For high temperature applications, this can be improved 
by choosing high melting point metal such as tungsten and platinum as the electrode material, 
which will be taken in account next.          
 
TABLE I. Characteristics comparison of the reported SAW strain sensors and this sensor. 
Refs. Resonant freq. (MHz)  Piezo. material Sensitivity (Hz/με) Strain range (με) 
[12] 433 AT-X quartz 241 400 
[13] 384 LN 128° Y-cut 90 140 
[15] 900 LN 128° Y-cut 900 419 
[16] 138 ZnO on ultra-thin glass 137 3000 
[17] 110.7  ZnO on PET 130 2500 
This work  325  LN thin film 128° Y-cut 193 3500 
 
 Table I shows the comparison of characteristics of the reported SAW strain sensors and 
present one. The present sensor has a detectable strain range six times that of the bulk 
substrate based sensors,12,13,15 even is comparable to that of the ZnO thin film SAW strain 
sensors we developed previously.16,17 The sensor has high sensitivity up to 193 Hz/µε, yet 
with a self-temperature calibration capability. Owing to the superior material property of 
single crystalline to polycrystalline, including favorable stability, good uniformity and low 
defects density,20 this type of sensors exhibit excellent stability and reliability, with low 
detection limit (about 0.3 µε)29 and long fatigue life.  
In conclusion, flexible SAW strain sensor was developed by using single crystalline 
LiNbO3 thin film. Both Rayleigh and thickness shear mode were observed experimentally, 
and verified by theoretical analysis. The results showed that the sensor could perform well 
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over a wide strain range up to ±3500 µε. The sensitivities of the Rayleigh mode and TSM 
mode to strain are 193 and 28 Hz/µε, respectively, and the maximum hysteresis is less than 
1.5%. By using the dual modes, the sensor is able to sense strain with calibrated temperature. 
No visible deterioration in performance was observed after fatigue test. A comparison 
between commercial strain gauges, previously reported SAW strain sensors, and the proposed 
sensor was given. Several further improvements were also prospected for next work. All the 
results demonstrate that the SAW strain sensor has great potential for strain monitoring in a 
wide range of applications.   
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